Plasma-assisted oxidation of atmospheric pressure hydrogen-and hydrocarbon-oxygen mixtures diluted in argon is analyzed by kinetic modeling, over a wide range of temperatures. In the experiments, preheated reactant mixtures are excited by a repetitively pulsed, double dielectric barrier ns discharge in plane-to-plane geometry, at near-isothermal conditions. Plasma images and temperature distributions in the discharge indicate that the reactant flow is nearly uniform, justifying the use of quasi-0D approximation in kinetic modeling. The kinetic model is based on a plasma chemistry mechanism combined with a conventional combustion reaction mechanism. The model does not contain adjustable parameters such as reduced electric field in the plasma, used in a number of previous 0D modeling studies. Comparison of the modeling predictions with the experimental data for hydrogen and methane oxidation exhibits good agreement between measured and predicted fuel concentrations over a wide range of temperatures, showing that the yield of primary radicals generated in the plasma is predicted accurately. Concentrations of intermediate hydrocarbon species predicted by the model are also in good agreement with the experiments, with the exception of acetylene below the hot ignition point. For ethylene and propane oxidation, the model overpredicts fuel consumption at low temperatures, also overpredicting concentration of CO, the dominant oxidation product, and underpredicting acetaldehyde concentration. This indicates that low-temperature pathways of formaldehyde formation, a major precursor for CO, as well as low-temperature reactions of several radicals which are precursors for formaldehyde and acetaldehyde, are not represented accurately in both conventional reaction mechanisms used. Although concentrations of intermediate hydrocarbon species in ethylene and propane are predicted relatively well, kinetics of formation and decay of acetylene remains not understood. This may be due to inaccurate branching ratio for dissociative quenching of metastable argon by heavy hydrocarbon species, as well as deficiencies of the conventional reaction mechanisms.
Introduction
Kinetic modeling of plasma assisted combustion processes is essential for quantitative insight into low-temperature plasma enhanced fuel oxidation, fuel reforming, ignition, and flame stabilization. Although considerable progress has been made in this field over the last decade, a number of technical challenges still remain. One of them is availability of cross sections for electron impact excitation and dissociation processes, as well as rate coefficients for reactive quenching of excited electronic states of atoms and molecules [1] . In many cases, product branching ratios for these processes, which affect the yield of atomic and radical species in the plasma, are uncertain. The other is the difficulty to quantity the predictive capability of plasma-assisted combustion mechanisms, since they are typically assembled using conventional combustion reaction mechanisms, developed for relatively high temperatures (e.g. [2] [3] [4] [5] ), and plasma chemistry mechanisms applicable at significantly lower temperatures [6] . Therefore, detailed experimental validation of the modeling predictions, at wellcharacterized plasma conditions and over a wide range of temper atures, is essential to determine the model applicability.
As discussed in detail in [7] , one of the principal challenges in development of high-fidelity plasma-assisted combustion models is an extremely wide range of time scales involved. Specifically, they extend from ~ns time scale for ionization wave propagation, sheath formation, and electron impact reactions during breakdown, to ~µs time scale for quenching of excited electronic states of molecules, rapid heating, and discharge pulse repetition rates, to ~ms time scale for chemical reactions, ignition delay, and coupling between reaction chemistry and the flow. At high pressures, incorporating a wider range of spatial scales, to fully resolve the thin sheath structure, becomes an additional problem. Therefore multi-scale kinetic modeling of plasma chemistry is computationally expensive even in 1D geometry, and is feasible only for relatively simple gas mixtures at fairly low pressures, such as air [8] , H 2 -air [9] , H 2 -O 2 -N 2 [10] , and C 2 H 4 -O 2 -Ar [11] , or requires the use of simplified reduced reaction mechanisms [12] .
Thus, validation of plasma-assisted combustion kinetic models for complex hydrocarbon fuels at high pressures requires (a) extensive experimental data obtained in simple plasma and flow geometry, and (b) capability for modeling these experiments using detailed reaction chemistry mechanisms. The high computational cost of multi-scale kinetic modeling can be circumvented by focusing on modeling plasma chemical processes and combustion chemistry in the bulk of the plasma, outside of sheaths formed near the electrodes, in a quasi-0D approximation [13] . The main premises of this approach are as follows: (i) spatial distribution of key parameters in the bulk of the plasma (specifically, electric field and electron density) are nearly uniform and approach quasi-0D conditions; (ii) electric field and electron density in the plasma can be predicted accurately, based on the experimental applied voltage waveform and electrode geometry; and (iii) kinetics of plasma-induced ignition and combustion is dominated by reactions occurring in the plasma volume, rather than in the sheaths.
A comparison of analytic predictions of energy coupling in a ns pulse, dielectric barrier discharge in plane-to-plane geometry [13] with numerical modeling [8, 13] and experimental data [13] [14] [15] shows that the volumetric plasma outside of the sheaths remains nearly uniform over a fairly wide range of pressures, breakdown kinetics at these conditions is well understood, and time evolution of key parameters in the transient plasma (such as electric field, electron density, and coupled energy) can be predicted accurately. Basically, 1D analytic model of [13] takes into account sheath formation, charge accumulation on dielectric surfaces covering the electrodes, and resultant plasma self-shielding during ns pulse breakdown, which is the dominant effect controlling electric field in the plasma. A 0D approximation [16] , which neglects the effect of sheath formation near the cathode, yields results very close to model [13] , since in high-pressure dielectric barrier discharges with relatively large gaps this effect is small. Finally, multi-scale 1D numerical modeling of ignition of a premixed hydrogen-air mixture by a repetitive ns pulse discharge [9] demonstrated that ignition in a repetitively pulsed ns discharge is controlled by plasma chemical reactions in the plasma volume, consistent with experimental observations [17] . These results justify the use of a 0D approximation at these conditions, using the same electric field and electron density waveforms in the plasma, as well as appropriate corrections to account for diffusion and conduction heat transfer [15] . The difference between 1D and 0D model predictions, for the same reaction mechanism, reported in [11] , is very likely due to assuming a constant value of the reduced electric field (E/N) in a 0D model, used an adjustable parameter to match the experimental data. Since the rate coefficients of electron impact processes have exponential dependence on the reduced electric field, using constant E/N in the plasma, rather than a time-varying waveform produced during breakdown, may strongly affect the modeling predictions.
The objective of the present work is to compare modeling predictions of plasma-assisted fuel oxidation in a flow reactor excited by a repetitive ns pulse discharge with experimental data, using a physics-based, non-empirical, 0D kinetic model. Over the last few years, an extensive body of experimental data, accumulated in ns pulse discharge plasma flow reactors including measurements of atomic and radical species [17] [18] [19] [20] and stable fuel oxidation products [11, [20] [21] [22] [23] [24] [25] [26] , makes possible detailed evaluation of plasma-assisted reaction mech anisms. In particular, measurements of stable oxidation products of hydrocarbon fuel-oxygen mixtures diluted in argon at atmospheric pressure [24] [25] [26] have been done over a wide range of temperatures, both below and above the 'hot ignition' point, providing an extensive set of data for comparison with modeling predictions. The main focus of the present work is on kinetic modeling predictions of plasma-assisted oxidation of methane-oxygen, ethylene-oxygen, and propane-oxygen mixtures diluted in argon. In the present work, each discharge pulse is modeled individually, using time-resolved power coupled to the plasma predicted by a ns pulse discharge model [13] . As discussed above, this approach has a firm basis in theory and is more accurate than the approximation used in previous kinetic modeling of H 2 -air, hydrocarbon-air, H 2 -O 2 -Ar, and C 2 H 4 -O 2 -Ar mixtures [17, 18, [21] [22] [23] 26] , using the 'effective' reduced electric field in the plasma.
Experimental
The experimental data used for comparison with the present kinetic modeling predictions have been obtained in a nonequilibrium plasma flow reactor by Tsolas et al [19, [24] [25] [26] [27] [28] . The experimental apparatus and the diagnostics are described in detail in these publications and will not be discussed here. Briefly, the plasma flow reactor is made of a rectangular cross section quartz channel, 7 mm × 9 mm, with wall thickness of 1.3 mm, placed inside a three-zone tube furnace to preheat the premixed flow of reactants, as shown schematically in figure 1. The length of the isothermal flow in the reactor, determined using thermocouple measurements, is 45 cm, and the flow temperature in the isothermal section is varied in the range T = 420-1250 K. Fuel-oxygen mixtures, diluted in argon, are flowed through the channel at a constant flow rate of 1 SLM. Diluting the reactant mixture in argon provides thermal inertia, such that exothermic reactions of plasmaassisted fuel oxidation can be studied at nearly isothermal flow conditions, including temperatures above the hot ignition point. Figure 2 shows a photograph of the reactor channel and the electric discharge section, with two parallel plate copper electrodes 50.8 mm long and 12.7 mm wide placed on the top and bottom walls of the flow channel. The electrodes are separated from the quartz channel by Macor ceramic plates 1 mm thick each, as indicated in figure 1 . Thus, the discharge gap is h = 7 mm, and the total thickness of dielectric layers between the plasma and the electrodes is d = 2.3 mm (quartz wall d 1 = 1.3 mm thick, with dielectric constant of ε 1 = 3.8 and Macor plate d 2 = 1 mm thick, with ε 2 = 5.7). The discharge section is placed at the beginning of the isothermal section of the flow reactor. The estimated flow residence time in the discharge varies from ≈140 ms (at T = 420 K) to ≈46 ms (at T = 1250 K).
The electrodes are powered by a custom-made highvoltage pulse generator, generating alternating polarity voltage pulses with peak voltage of up to 15 kV and FWHM pulse duration of ≈100 ns at a pulse repetition rate of 1 kHz. Since the mass flow rate through the reactor channel and the pulse repetition rate are kept constant for the entire range of temperatures studied, the number of pulses exciting the flow during the residence time between the electrodes is reduced as the temperature in the reactor is increased. Single-shot ICCD images of broadband plasma emission [19] demonstrated that the plasma is diffuse and nearly uniform, filling the entire space between the electrodes. Downstream of the isothermal section, the flow of the product mixture is quenched to near room temperature, to exclude the possibility of reactions downstream of the reactor. At the exit of the flow reactor, the chemical composition of the products is analyzed by sampling the flow into a non-dispersive infrared analyzer (Horiba, VS-3011) to measure CO and CO 2 concentrations, a micro gas chromatograph (Agilent Technologies, Micro 3000) to measure H 2 and O 2 concentrations, or a gas chromatograph (Agilent Technologies, 7890A) to measure concentrations of C 1 -C 7 hydrocarbons and oxygenated species. The relative uncertainty of the measurements are ±2% for CO and CO 2 , ±4% for H 2 and O 2 , and ±5% for hydrocarbons [27] . In the present work, kinetic modeling calculations are used to analyze plasma-assisted oxidation of atmospheric pressure fueloxygen mixtures diluted in argon, with hydrogen, methane, ethylene, propane, and oxygen mole fractions of 2000 ppm, 1600 ppm, 800 ppm, 533 ppm, and 3000 ppm, respectively.
Kinetic model
The quasi-0D kinetic model is discussed in detail in our previous work [15] . Briefly, the model incorporates electron impact processes for Ar, O 2 , H 2 , CH 4 , C 2 H 4 , C 2 H 2 , C 3 H 8 , and N 2 , with cross sections taken from the LXCat database [29] ; reactions of excited electronic states of Ar [26, [30] [31] [32] [33] [34] [35] [36] , N 2 , O 2 , N, and O [6, [37] [38] [39] [40] ; air plasma chemistry [6] ; state-specific vibration-translation relaxation of nitrogen and vibrationvibration energy transfer for N 2 -N 2 [15] ; and two different mechanisms of 'conventional' hydrogen-oxygen and hydrocarbon-oxygen chemical reactions [4, 5] . In the present work, the model is exercised for argon-based fuel-oxygen mixtures. Electron impact excitation of electronic states of hydrocarbon species is assumed to result in their dissociation. At the present highly diluted conditions, branching ratios for electron impact dissociation products of hydrocarbons have almost no effect on the modeling predictions. Vibrational excitation of O 2 is neglected and it is assumed to be rapidly thermalized. Product branching ratio for quenching of Ar * by CH 4 and C 2 H 6 is evaluated based on the literature data [31, [34] [35] [36] . Product branching ratio for quenching of excited electronic states of Ar by C 2 H 4 is assumed to be the same as in [26] , where it was inferred from plasma-assisted pyrolysis of ethylene; the same braching ratio is assumed for Ar * quenching by C 3 H 8 , for which experimental data are not available. Effects of diffusion, conduction heat transfer, and convection are incorporated as quasi-0D corrections.
The model is exercised using a combination of Boltzmann equation solver for plasma electrons Bolsig+ [41] , predicting electron impact rate coefficients versus electron temperature, and ChemKin-Pro, solving a set of species concentration equations, electron energy equation (a moment of Boltzmann equation), and heavy species energy equation. For highly diluted, argon-dominated mixtures studied in the present work, the Boltzmann solver is called only once for every set of experimental conditions (i.e. initial temperature and mixture composition), and electron impact rate coefficients are tabulated for a wide range of electron temperatures. The model also incorporates an interface pre-processor merging electron impact processes (with rate coefficients predicted by the Boltzmann solver), plasma chemical reactions, and conventional chemistry reactions, and assembling the input reaction kinetics data file in ChemKin format.
The electron temperature during the discharge pulse, controlled by the coupled discharge power waveform and by the energy loss in electron-neutral collisions, is predicted by the electron energy equation. The electron impact rate coefficients used by the model are calculated based on the time-dependent electron temperature predicted by this equation, interpolating the tabulated values predicted by the Boltzmann equation solver. The electron concentration is predicted by one of the species concentration equations, which includes electron impact ionization, ion-molecule reactions, and electron-ion recombination. The electron concentration during the discharge pulses is controlled primarily by electron impact ionization and charge separation in the plasma (since recombination occurs on a much longer time scale). Charge separation is the dominant process controlling the electric field in the plasma during the pulse, such that the rate of ionization is self-limiting. Kinetics of ionization in ns pulse, dielectric barrier discharges is discussed in greater detail in [13, 16] .
The discharge power waveform coupled to the plasma (used as the source term in the electron energy equation) can be either obtained from measurements of discharge voltage and current waveforms using high bandwidth probes [14, 20] or predicted by pulsed breakdown model [13] , as done in the present work. Input parameters used by the breakdown model include experimental voltage pulse shape, geometry of electrodes and dielectric layers, as well as Townsend ionization coefficient and electron mobility for argon [42] . Using the coupled power waveform (experimental or predicted) in the electron energy equation makes additional assumptions, such as estimating the 'effective' value of the reduced electric field in the discharge, as has been done in a number of previous kinetic modeling studies, unneccessary. Figure 3 plots a typical applied electric field pulse waveform measured in argon at P = 1 atm and peak voltage of U peak = 9.8 kV,
, a Gaussian fit used by the ns pulse breakdown model, as well as electric field in the plasma and timedependent power coupled to the plasma predicted by the model at T = 500 K and T = 1000 K. Coupled pulse energy predicted by the model decreases as the flow temperature is increased, since breakdown voltage decreases as the number density is reduced. Although this effect is substantial as the flow temperature is varied over a wide range, temperature rise during its residence in the discharge is insignificant [19] , due to both relatively low pulse repetition rate and strong dilution of the reactant mixture in argon.
Although the present approach can also be used for plasma chemistry in discharges with bare metal electrodes [15] , in this case additional assumptions need to be made, to account for secondary emission processes on the cathode, and to predict cathode voltage fall and discharge power coupled to the cathode layer. In the present work, the use of the model is limited to a dielectric barrier, ns pulse discharge in plane-to-plane geometry. Since the present model is using the Lagrangian description of the flow to predict species concentrations in a reacting fluid element versus time, evaluating time-dependent species concentrations at every spatial location along the reactor requires integrating the modeling predictions over the time interval between two successive discharge pulses (i.e. conversion to the Eulerian description). This is particularly important for prediction of concentrations of highly reactive species, which may vary rapidly over time.
The kinetic model has been validated using time-resolved measurements of temperature and N 2 (X 1 Σ + g ) vibrational temper ature during and after a ns pulse discharge burst in air; temperature and OH number density after the ns pulse discharge burst in lean H 2 -air, CH 4 -air, and C 2 H 4 -air mixtures; and temperature after the ns pulse discharge burst during plasma-assisted ignition of lean H 2 -mixtures in planeto-plane geometry [15] ; as well as measurements of H and O atom number densities after ns pulse discharge burst in H 2 -O 2 -Ar and in hydrocarbon-O 2 -Ar mixtures, also in plane-to-plane geometry [20] . In [15] , the power coupled to the plasma during each discharge pulse was predicted using a ns pulse breakdown model, while in [20] the power was obtained from direct measurements of voltage and current waveforms using custom-made, high bandwidth voltage and current probes. In addition to the coupled discharge power waveform, model input parameters include discharge volume; initial temper ature, pressure, and mixture composition; and flow residence time in the discharge. Thus, the model does not include any empirical adjustable parameters.
Results and discussion

Primary radical generation
In the present work, the modeling predictions are compared with the experimental data for four different fuels, H 2 , CH 4 , C 2 H 4 , and C 3 H 8 , mixed with oxygen and diluted in argon at atmospheric pressure. The flow temperature at the reactor entrance was varied from 420 K to 1250 K. In all four cases, the O 2 mole fraction in the argon diluent was kept the same, at 3000 ppm. Mole fractions of fuel in the flow were 2000 ppm for H 2 , 1600 ppm for CH 4 , 800 ppm for C 2 H 4 , and 533 ppm for C 3 H 8 . For the hydrocarbon mixtures, the total carbon loading was kept nearly constant, such that the temperature rise associated with complete oxidation would be the same.
Analysis of plasma chemical reactions in the repetitive ns pulse discharge sustained in the reaction channel demonstrates that for all four fuels, the dominant processes controlling primary radical species generation in the plasma are electron impact excitation of argon,
collisional quenching of metastable argon atoms by oxygen molecules and by fuel species,
and metastable argon self-quenching, Experimental pulse voltage waveform [26] , Gaussian fit used in the nanosecond pulse breakdown model, predicted electric field in the plasma, and predicted power coupled to the plasma in argon (a) at 500 K and (b) at 1000 K.
At the present highly diluted conditions, oxygen and fuel dissociation by electron impact remains a relatively minor process. In equations (1)- (9), Ar * m denotes the 'effective' metastable state, Ar * (3p 5 4s) (in fact a combination of four excited electronic states with close energies), for which the total electron impact excitation cross section [43] (incorporated into the LXCat database [29] ) is available.
After each discharge pulse, O( 1 D) atoms are quenched by argon,
and react with the fuel species, with near gas kinetic rates, e.g.
Since the time scale for O( 1 D) quenching at the present conditions is ~100 ns, much shorter compared to the time scale of reactions with fuel species, ~1 µs, the effect of O( 1 D) chemistry on fuel oxidation is not very significant. On longer time scales, up to ~1 ms, fuel oxidation is initiated mainly by the 'conventional' reactions of O atoms, H atoms, and OH radicals. Figure 4 plots mole fractions of excited species and radicals generated by a single ns discharge pulse in methane and ethylene, predicted by the model. A double maximum in the predicted O( 1 D) mole fraction is due to additional discharge power coupling during the pulse voltage reduction (see figure 3) . At the present conditions, a significant fraction of discharge pulse coupled energy goes to generation of the primary radicals, O and H (36%, 29%, and 34% in CH 4 -O 2 -Ar, [19] , using two chemical reaction mechanisms [4] , (blue curves) and [5] (red curves). [19] , using the Aramco chemical reaction mechanism [4] .
for conditions when all fuel available in the mixture is oxidized in the discharge section. As discussed in section 3, the branching ratio for dissociative quenching of Ar * m by C 2 H 4 , which primarily controls the yield of H atoms, is inferred from the analysis of plasma-assisted pyrolysis of ethylene [26] . Summarizing, plasma chemical oxidation at the present conditions is driven by electron impact excitation of argon metastables, followed by its dissociative quenching by O 2 and fuel species, and subsequent reactions of O, H, and OH radicals. Figure 5 compares modeling predictions for H 2 and O 2 concentrations at the exit of the reactor with the experimental data [19] , using two different conventional reaction chemistry mechanisms, Aramco [4] and Konnov [5] . It can be seen that the model reproduces both species number densities quite well, with slight overprediction of H 2 and O 2 at moderate temper atures (T = 650-850 K) and fairly small difference between the two mechanisms. The results are consistent with a previous modeling study [19] , using the mechanism derived from the HP Mech plasma kinetics mechanism [21] . The agreement between the present modeling predictions and the data for H 2 and O 2 is somewhat better than in [19] . On the other hand, at T = 668 K, the OH concentration at the end of the discharge section is overpredicted by approximately 50% (see figure 6) . Since the present model and the model of [16, 19] use the same electron impact cross sections [29] , the difference between their predictions is likely due to different ways of evaluating the electron impact rate coefficients. In the present model, they are functions of the electron temperature, T e , while in [16, 19] they are controlled by the reduced electric field, E/N. During breakdown, when the field in the plasma falls rapidly (within ~10 ns, see figure 3 ), electron temperature (predicted by the time-dependent electron energy equation in the present model) decays somewhat slower, since the time scale for the electron energy relaxation is comparable to that of plasma self-shielding. Because of this, electron impact rates based on T e remain higher than those based on E/N, resulting in higher yield of electron impact reactions, including Ar * m , O, H, and OH. However, the two models are consistent in either predicting better agreement of the stable species or the transient species OH. Detailed analysis of kinetics of plasma chemical oxidation of hydrogen at these conditions is discussed in great detail in [16] . Comparison of stable oxidation product concentrations in the CH 4 -O 2 -Ar mixture at end of flow reactor with experimental data [27] , predicted using reaction mechanisms [4] and [5] .
Hydrogen oxidation
CH 4 oxidation
compares them with the experimental data in the CH 4 -O 2 -Ar mixture [27] , again using the Aramco and Konnov mechanisms. At these conditions, methane is consumed by dissociative quenching of Ar * m (reaction (5)) and by reactions with O, H, and OH,
Compared to reactions (13)- (15), the contribution of CH 4 dissociation during quenching of Ar * m (reaction (5)) into net methane consumption rate does not exceed 20% at T = 400 K, and decreases further at higher temperatures, as the average reaction chain length is increasing. It can be seen that CH 4 consumption is reproduced well in the entire range of temperatures, demonstrating that both discharge input energy fraction going to Ar * m excitation and yields of primary radicals are predicted accurately. For both reaction mechanisms, the overall agreement with the data is quite good over the entire temperature range (T = 420-1250 K), with two notable exceptions. First, CO 2 concentration above the hot ignition point (at T ≈ 1200 K) is overpredicted by both mechanisms, which also predict significantly lower CO concentration at these conditions. As discussed in [28] , delay of CO conversion to CO 2 is typical for hydrocarbon oxidation processes, since the rate coefficient of reaction
is significantly lower compared to the rates of OH reactions with hydrocarbon species. For this reason, presence of unreacted hydrocarbon species in the products would delay CO conversion until they are fully consumed. At the slightly rich fuel/oxygen ratio in the mixture, ϕ = 1.067, residual hydrocarbon species may still be present in the product mixture.
Note that approximately 250 ppm of carbon originally present in the fuel is not accounted for in the measured CO and CO 2 concentrations [27] . This may result in incomplete conversion of CO to CO 2 above hot ignition point, such as observed in the experiment. CO concentration overshoot below the hot ignition point, also caused by the slow rate of reaction (16), is overpredicted by both mechanisms. The Konnov mechanism predicts the CO overshoot peak to occur at a lower temperature compared to the experimental data, as well as significantly higher CO concentrations before the peak. Second, C 2 H 2 concentration below hot ignition point is also significantly overpredicted by both reaction mechanisms (see figure 7) . Modeling calculations using the Aramco reaction mechanism at T = 1160 K, when the predicted C 2 H 2 concentration peaks, indicate that only about 7 ppm of acetylene is produced in the discharge, with the rest generated by [27] , predicted using reaction mechanisms [4, 5] .
conventional chemical reactions downstream of the discharge section. According to the modeling predictions, C 2 hydrocarbon species are produced and consumed in a sequence of reactions CH 4 → CH 3 → C 2 H 6 → C 2 H 5 → C 2 H 4 → C 2 H 3 → C 2 H 2 . In particular, in the post-discharge section C 2 H 2 is predicted to form by dissociation of vinyl radicals,
and decay in reactions of acetylene with O atoms,
and
(19) The vinyl radical concentration establishes quasi-steady-state conditions between production reactions of ethylene with OH, H atoms, and the methyl radical,
and consumption reactions with O 2 ,
Note that concentrations of CH 4 , C 2 H 6 , and C 2 H 4 are reproduced well by the model (see figure 7) , and the rates of every reaction in the sequence depend on concentrations of the same H, O, and OH radicals. Therefore the C 2 H 2 overshoot predicted by the model and not observed in the experiments suggests that both conventional reaction mechanisms may be missing additional C 2 H 2 consumption (oxidation) processes. Comparison of C 2 H 4 and C 2 H 2 concentrations predicted using Aramco [4] and Konnov [5] reaction mechanisms (in particular, the shift of overshoot peaks below hot ignition point toward low temperatures for both species for the Konnov mechanism) appears consistent with this suggestion.
C 2 H 4 oxidation
Figures 9 and 10 compare stable oxidation species concentrations predicted using reaction mechanisms [4, 5] in the C 2 H 4 -O 2 -Ar mixture with the experimental data [25] . The present modeling predictions using Aramco mechanism [4] are fairly close to the results of [26] , where low-temperature and hightemperature kinetics of plasma-assisted fuel oxidation are discussed in detail. This is expected, since the two reaction sets (although not the discharge power waveforms, controlling the yield of the primary radical species) are very similar. Both mechanisms overpredict the fraction of ethylene oxidized at low temperatures, below T ≈ 800 K, by up to a factor of three (Aramco) and up to a factor of two (Konnov) at T = 420 K. As in [26] , the use of Aramco mechanism also predicts reduction of C 2 H 4 reactivity as the temperature is increased from T = 450 K to 750 K. This trend is much less pronounced in the Konnov mechanism [5] and is not observed in the experiments (see figure 9) . One of possible reasons for overprediction of ethylene oxidation at low temperatures by the model may be reduction of the discharge volume when hydrocarbons are added to the mixture, such that the plasma does not fill the entire cross section of the reactor channel. This effect is difficult to detect from plasma images taken through the side wall of the reaction channel, such as the ones in [16] . Nevertheless, it is apparent from the images taken through the window at the end of the channel at similar conditions [20] . However, since the kinetic model using the Aramco mechanism is in good agreement with the data on ethylene plasma-assisted pyrolysis [26] , as well as with the data on methane plasma -assisted oxidation (see figures 7 and 8), the discrepancy observed for ethylene oxidation is more likely due to reaction kinetics. After each discharge pulse, ethylene is consumed mainly by reactions with O atoms,
H atoms,
and OH,
Specifically, reactions (24)- (26) and (28) dominate at low temperatures, T < 800 K, with the reaction channel (27) replacing that of reaction (28) at T ≈ 800-1100 K, and reaction (26) becoming insignificant at high temperatures, T > 1100 K. Similar to methane oxidation, the contribution of C 2 H 4 dissociation during quenching of Ar * m (reaction (6)) into ethylene consumption is fairly low (~10% of the total decay rate at T = 600 K).
In the C 2 H 4 -O 2 -Ar mixture at low temperatures, OH is produced by reactions of HO 2 ,
and by oxidation of CH 2 ,
with comparable yields. Good agreement between the modeling predictions and the data for plasma-assisted oxidation of methane (see figures 7 and 8) shows that the yield of the primary radical species (specifically, O and H atoms) is predicted accurately. Note that the Aramco model also overpredicts the concentration of CO (the most abundant oxidation product measured below hot ignition point), by over a factor of two at T = 420 K. Since the dominant route for low-temperature CO formation is by reactions of formaldehyde [25] ,
which is a major intermediate product of ethylene oxidation in the Aramco mechanism at these conditions, via reactions with OH (reaction (28)) and O 2 ,
this suggests that the role of the pathway (28) and (35) at low temperatures may be overestimated. Indeed, the Konnov mechanism predictions, where the pathway (35) is not included, are in significantly better agreement with the measured C 2 H 4 and CO concentrations at T ≈ 420-800 K (see figures 9 and 10). Note that formaldehyde, the most abundant oxidation product predicted by the Aramco mechanism at T = 420-800 K (see figure 10) , which would provide additional insight into kinetics of this pathway, was not detected in the experiment. Although the gas chromatograph used in the experiments [25] was not optimized for detection of CH 2 O, such that its sensitivity limit is somewhat difficult to estimate, it appears unlikely that significant amounts of formaldehyde predicted by the model (up to ~200-300 ppm) would not be detected. Significant overprediction of ethylene Comparison of stable oxidation product concentrations in the C 2 H 4 -O 2 -Ar mixture at end of flow reactor, predicted using reaction mechanisms [4, 5] , with experimental data [25] . oxidation at T = 420-600 K by the Aramco mechanism, compared to the Konnov mechanism (see figures 9 and 10) correlates with much higher predicted CH 2 O concentration. On the other hand, the model strongly underpredicts acetaldehyde (CH 3 CHO) concentration, detected in significant amounts in the experiment at T < 900 K. As discussed in [26] , this suggests that kinetics of low-temperature reactions of the C 2 H 5 radical, which is a precursor for CH 3 CHO, are not completely understood.
Concentrations of most intermediate hydrocarbon species predicted by the model (CH 4 , C 2 H 6 , C 3 H 8 , and C 3 H 6 ) exhibit correct trends and are in relatively good agreement with the data (see figures 9 and 10). However, C 2 H 2 is underpredicted by the model using the Aramco mechanism over the entire range of temperatures below hot ignition point, by over a factor of two. The prediction using the Konnov mechanism is somewhat better. Unlike in plasma chemical oxidation of methane, nearly all acetylene is produced in the discharge section, within a few µs after each discharge pulse. The dominant process of acetylene production at T = 600 K is dissociative quenching of Ar * m by ethylene (reactions (6a) and (6b)), as well as by reactions of C 2 H 3 with H and OH (Aramco mechanism),
or with O 2 (Konnov mechanism)
Since C 2 H 2 yield in reaction (6) is nearly 100%, the underprediction is most likely due to C 2 H 3 reactions. In both mechanisms, C 2 H 3 is generated in reaction (6d) and by oxidation of ethylene in reaction (27) , and is consumed mainly in reactions with oxygen,
Since reactions (36)- (38) represent only several per cent of the net rate of C 2 H 3 consumption, which remains in quasi-equilibrium, significant underprediction of C 2 H 2 indicates that the balance between rates of production and consumption of C 2 H 3 at low temperatures is not accurate in both mechanisms. At this time, detailed kinetics of reactions controlling acetylene concentration at low temperatures remains not understood.
C 3 H 8 oxidation
Figures 11 and 12 compare stable oxidation species concentrations predicted by the model in the C 3 H 8 -O 2 -Ar mixture with the experimental data [24] . Similar to the ethylene results (see figure 9) , fuel consumption at low temperatures is overpredicted by the Aramco mechanism, although not by as much as in ethylene. At these conditions, the fuel is consumed only CO 2 CO CH 3 OCHO CH 2 O Figure 10 . Comparison of stable oxidation product concentrations in the C 2 H 4 -O 2 -Ar mixture at end of flow reactor, predicted using reaction mechanisms [4, 5] , with experimental data [25] .
in the discharge section, primarily by H atom abstraction in reactions with OH and O atoms,
Similar to ethylene oxidation, dissociative quenching of Ar * m by C 3 H 8 (reaction (7)) is a relatively minor channel of propane consumption compared to reactions (41) and (42), ~10% of the total decay rate. OH is produced by over a dozen reactions with comparable contributions, including CH 2 oxidation (31) and HO 2 reactions (29) and (30) , which also dominate OH generation in the ethylene mixture. Unlike in ethylene, the Konnov mechanism predicts a more significant fuel reduction compared to the Aramco mechanism at T < 600 K. The dominant oxidation product predicted by the model at low temperatures is formaldehyde, which was not detected in the experiments. It is produced primarily via oxidation of larger oxygenated hydrocarbons such as C 3 H 7 O and CH 3 O, Figure 11 . Comparison of stable oxidation product concentrations in the C 3 H 8 -O 2 -Ar mixture at end of flow reactor, predicted using reaction mechanisms [4, 5] , with experimental data [24] .
C 3 H 7 O is produced by a reaction of C 3 H 7 , generated by metastable argon quenching (reaction (7c)), with HO 2 ,
Similar to the results in the CH 4 -O 2 -Ar mixture, the model predicts a relatively abrupt change of major product concentrations (CO and CO 2 ) above the hot ignition point, contrary to a more gradual transition observed in the experiments. As discussed in section 4.2, this suggests that residual hydrocarbon products may still be present in the C 3 H 8 -O 2 -Ar product mixture, even though the equivalence ratio in the mixture is slightly fuel-lean, ϕ = 0.89. Below hot ignition point, concentrations of most intermediate hydrocarbon species, CH 4 Figure 12 . Comparison of stable oxidation product concentrations in the C 3 H 8 -O 2 -Ar mixture at end of flow reactor, predicted using reaction mechanisms [4, 5] , with experimental data [24] .
are in overall good agreement with the data, including kinetic trends and in most cases absolute values (see figure 11 ). Concentrations of C 4 H 8 and especially C 4 H 10 , on the other hand, are overpredicted by the Aramco mechanism, as shown in figure 12 (note that the Konnov mechanism, which exhibits better agreement for C 4 H 8 , does not include C 4 H 10 ). The other notable difference is significant underprediction of C 2 H 2 at low temperatures and a strong overshoot in predicted C 2 H 2 below ignition point, completely missing from the measurements. This behavior combines the trends observed in modeling predictions of plasma-assisted oxidation of ethylene (see figure 9 ) and methane (see figure 7) .
At T = 600 K, when the model underpredicts the acetylene number density, all C 2 H 2 is predicted to be produced in the discharge section, by dissociative quenching of metastable argon atoms by C 2 H 4 , reaction (6a-c), within ~ 1 µs after each discharge pulse. Since C 2 H 4 concentration at this temperature is reproduced by the model rather well (see figure 11) , the net rate of C 2 H 2 production by this process is also believed to be fairly accurately. Therefore significant underprediction of acetylene concentration at these conditions indicates that (a) the branching ratio for Ar * m dissociative quenching by other hydrocarbon species present in significant quantities (such as C 3 H 6 and C 3 H 8 ) may be incorrect, and (b) both conventional reaction mechanisms [4, 5] may lack additional low-temper ature C 2 H 2 production pathways, e.g. via C 2 H 3 reactions (see discussion in section 4.4).
At T = 1050 K, when acetylene concentration is overpredicted, C 2 H 2 is also produced by a number of additional processes between the discharge pulses, including unimolecular dissociation of C 3 H 5 ,
produced by decomposition of C 3 H 6 ,
oxidation of C 3 H 4 by H atoms,
and collisional dissociation of C 2 H 3 ,
At these conditions, acetylene concentration is also predicted to increase via reactions (48)- (53) downstream of the discharge section, by an additional factor of two, resulting in its overprediction by almost an order of magnitude compared to the experimental data (see figure 11 ) at 960 K. Note that the concentration of C 3 H 6 , as well as other intermediate hydrocarbon species, is reproduced by the model relatively well (see figure 11 ). Similar to the results in methane (see section 4.2), this indicates the existence of additional C 2 H 2 consumption processes missing from both reaction mechanisms [4, 5] considered in this work. Both mechanisms strongly underpredict acetaldehyde concentration at low temperatures, T < 700 K (see figure 12 ).
At T = 600 K, CH 3 CHO is produced via slow unimolecular decay of oxygenated species, such as 
This indicates that low-temperature reactions of C 3 H 6 and the C 3 H 7 radical, which are precursors for CH 3 CHO and CH 2 O formation, are not represented accurately in both reaction mechanisms. Finally, the overall agreement between the Konnov mechanism and the data is not nearly as good as for the Aramco mechanism, including significant overprediction of fuel consumption at low temperatures (T < 600 K), as well as the shift of intermediate hydrocarbon species maxima to lower temperatures and underprediction of hot ignition point by about 50 K.
Summary
In the present work, kinetic modeling is used to analyze kinetics of plasma-assisted oxidation of atmospheric pressure hydrogen-and hydrocarbon-oxygen mixtures diluted in argon buffer, over a wide range of temperatures. In the experiments [19, 24, 25] , preheated reactant mixtures are excited by a repetitively pulsed, double dielectric barrier ns discharge sustained in a rectangular cross section quartz channel in plane-to-plane geometry, at near-isothermal conditions. The experiments have been performed in H 2 -O 2 -Ar, CH 4 -O 2 -Ar, C 2 H 4 -O 2 -Ar, and C 3 H 8 -O 2 -Ar mixtures. Both plasma images and temperature distributions measured in the experiments [19] demonstrate that the reactant flow in the discharge section remains uniform, justifying the use of quasi-0D approximation in kinetic modeling. Concentrations of stable reactant and product species at the exit of the reactor channel, including H 2 , O 2 , CO, CO 2 , hydrocarbons, and oxygenated species, are measured by gas chromatography.
The main input parameter of the present quasi-0D kinetic model of a repetitive, ns pulse, dielectric barrier discharge is the analytic prediction for the time-resolved power coupled to the plasma during ns pulse breakdown in plane-to-plane geometry [13] , based on the experimental voltage waveform. Analytic predictions for the coupled pulse energy, as well as for the electric field and electron density in the plasma, are in good agreement with previous experimental measurements and higher fidelity kinetic modeling calculations. The model does not contain any empirical or adjustable parameters such as reduced electric field in the plasma, used in a number of previous 0D modeling studies. Repetitive discharge pulses in the reactor are modeled individually. The model incorporates electron impact reactions in the plasma, reactive quenching of excited electronic species, and conventional chemical reactions in the fuel-oxygen-buffer mixtures driven by primary radicals generated in plasma chemical processes (primarily O, H, and OH). Experimental cross sections of electron impact reactions, rate coefficients of excited species quenching, and product branching ratios are taken from the literature. Product branching ratio for dissociative quenching of metastable argon atoms by C 2 H 4 is inferred from plasma-assisted pyrolysis data [26] . To help identify the differences between the dominant reaction pathways, plasma chemical fuel oxidation is analyzed using two different conventional reaction kinetics mechanisms, Aramco [4] and Konnov [5] . Note that in spite of their extensive validation, discussed in detail in [4, 5] , the predictive capability of both mechanisms at the present conditions is rather uncertain. Basically, in previous validation studies, generation of large amounts of radical species, specifically at low temperatures below hot ignition point, was not feasible. Therefore the present results may be considered to be the first validation study of these two mechanisms at the conditions closely relevant to plasma-assisted combustion applications, identifying their strengths and weaknesses.
Comparison of the modeling predictions with the experimental data on plasma chemical oxidation of hydrogen and methane exhibits good agreement between measured and predicted concentrations of fuel (H 2 and CH 4 ) over a wide range of temperatures. This shows that the yield of primary radicals generated in the plasma (O atoms, H atoms, and OH), mainly during dissociative quenching of metastable argon atoms by O 2 , H 2 , and CH 4 , is predicted accurately by the model, for the given experimental voltage waveform. This is consistent with a previous study using the same model [20] , where absolute number densities of H and O atoms measured in a ns pulse discharge in H 2 -O 2 -Ar and CH 4 -O 2 -Ar mixtures were accurately reproduced by the model using experimental coupled pulse energy waveform. Concentrations of intermediate hydrocarbon species predicted by the model are in good agreement with the data, with the exception of acetylene. For C 2 H 2 , the model predicts a strong overshoot below hot ignition point, not detected in the experiments, suggesting that the conventional reaction mechanism lack additional hightemper ature acetylene oxidation processes.
For plasma chemical oxidation of ethylene, the model using the Aramco mechanism strongly overpredicts the fuel mole fraction consumed at low temperatures, T < 800 K, although it is believed to represent the yield of the primary radicals accurately. At these conditions, the model also overpredicts the concentration of CO, the dominant oxidation product, and underpredicts acetaldehyde (CH 3 CHO) concentration. This indicates that at least one of the low-temperature pathways of formaldehyde (CH 2 O) formation, a major precursor for CO, is overestimated. Indeed, the modeling predictions using the Konnov mechanism, where a pC 2 H 4 OH reaction pathway is not included, are in better agreement with the data. These results also suggest that reactions of C 2 H 5 radical, a precursor for acetaldehyde, are not represented accurately in both mechanisms. Finally, although the model predicts concentrations of intermediate hydrocarbon species relatively well, lowtemperature formation of acetylene is strongly underpredicted by both mechanisms, indicating inaccurate balance between reactions of formation and decay of C 2 H 3 precursor radical.
Many of the trends observed during plasma chemical oxidation of methane and ethylene are also detected in oxidation of propane. Similar to ethylene, propane concentration consumed at low temperatures, T < 900 K, is underpredicted, while the model also overpredicts CO and underpredicts CH 3 CHO concentrations. Again, this indicates overestimating some of the low-temperature pathways of CH 2 O formation, a major oxidation product at T < 600 K, as well as inaccurate representation of C 3 H 6 and C 3 H 7 radical reactions, major precursors for CH 3 CHO and CH 2 O. Gradual conversion of CO into CO 2 above hot ignition point (also observed in methane), which the model does not reproduce, suggests presence of residual hydrocarbons in the product mixture. Finally, the model underpredicts C 2 H 2 concentration at low temperatures (as in ethylene) and strongly overpredicts is below hot ignition point (as in methane). This may indicate (a) incorrect branching ratio for dissociative quenching of metastable argon by several hydrocarbon species including propane, for which pyrolysis data were not available, and (b) lack of additional low-temperature C 2 H 2 production and high-temperature consumption pathways in both conventional reaction mechanisms. Modeling predictions using the Aramco mechanism exhibit better overall agreement with the data.
The results demonstrate that the present quasi-0D model describes kinetics plasma chemical oxidation of hydrogen and methane at atmospheric pressure and well-characterized flow and plasma conditions fairly well, without using any adjustable parameters. The mechanism of primary radical generation in diluted fuel-oxidizer-buffer mixtures is well understood, and the yield of primary radicals in H 2 -O 2 -Ar and CH 4 -O 2 -Ar mixtures appears to be predicted accurately. In methane oxidation, kinetics of acetylene formation and decay below hot ignition point appears to be the main unresolved issue. However, in ethylene and propane, significant differences between the modeling predictions and the data indicate that several low-temperature reaction pathways remain not understood. With the exception of the branching ratios for metastable argon quenching reactions, the present results mainly indicate deficiencies of the conventional reaction mechanisms used.
